ways are activated following calcium accumulation and In the present study, we find that presynaptic calcium calcineurin activation is intriguing, and represents a entry during a tetanus, and calcineurin activity throughnovel mechanism for induction of protein synthesis durout conditioning stimulation, is essential for the inducing activity-dependent plasticity. tion of LTF, but not its maintenance. Conversely, the classical kinases thought to be involved in mammalian long-term plasticity, such as the adenylyl cyclase/ PKA Results
nase (PI3K) signaling through PKB/Akt, the mammalian Numerous data support a presynaptic locus of action, target of rapamycin kinase FRAP/mTOR and the 40 S with "silent" synapses on the motor nerve terminal shiftribosomal protein S6 kinases, as well as the ras/raf/ ing to an "active" state following tetanic stimulation MAP kinase and atypical PKC pathways. Most notable (Wojtowicz and Atwood, 1985 , 1986 ; Wojtowicz in respect to the present study, our results indicate that et al., 1988). Ultrastructurally, LTF is not associated with LTF is exquisitely sensitive to both PI3K and MAP kinase an increase in either total synaptic vesicle counts or inhibition. Additionally, LTF is rapamycin sensitive, indiapparently docked vesicles compared to unstimulated cating that translational control at presynaptic sites is controls, but a modest increase in the number of active likely mediated by the phosphorylation state of the same zones per synapse (defined as dense bodies with clusinitiation factors that have been shown to be so crucial tered synaptic vesicles) has been observed, and an inin translational control during cell growth and developcrease in the number of release sites was inferred (Wojment. The finding in the present study that these pathtowicz et al., 1994).
ways are activated following calcium accumulation and In the present study, we find that presynaptic calcium calcineurin activation is intriguing, and represents a entry during a tetanus, and calcineurin activity throughnovel mechanism for induction of protein synthesis durout conditioning stimulation, is essential for the inducing activity-dependent plasticity. tion of LTF, but not its maintenance. Conversely, the classical kinases thought to be involved in mammalian long-term plasticity, such as the adenylyl cyclase/ PKA Results proximal muscle fibers in response to a 2 Hz axonal in abdominal ganglia, so the in vitro neuromuscular preparation of the isolated walking leg lacks presynaptic cell amplitude, a process well described as due to the various calcium-dependent processes of facilitation, augbodies. Therefore, induction of protein synthesis during LTF in vitro could not possibly occur at the level of mentation, and potentiation (Zucker, 1999) . Immediately following the tetanus, EJP amplitude decayed bi-expopresynaptic nuclear transcription. Nevertheless, we investigated the possible role of postsynaptic transcripnentially ( decay1 ϭ 11.5 Ϯ 0.5 s, decay2 ϭ 7.1 Ϯ 0.9 min, n ϭ 9), representing augmentation and post-tetanic potion in LTF by bath application of the transcription inhibitor 5,6-dichloro-1-␤-D-ribofuranosyl benzimidazole tentiation (PTP), respectively. Facilitation decays too rapidly to be detected by our sampling rate. Rather than (DRB, 75 M). As expected, a 30 min preincubation of DRB and its presence throughout the recording shown decay back to pre-tetanic control levels, EJP amplitude characteristically remained enhanced for the remainder in Figure 2D did not affect EJP amplitude increase during LTF compared to time-matched controls, being 151 Ϯ of the recording, and this was attributed to long-term facilitation (LTF). To quantify LTF in the absence of PTP, 63% in DRB (n ϭ 5) compared to a control LTF increase of 142 Ϯ 57% (n ϭ 6, p Ͼ 0.7). we measured enhancement of transmission between 20 and 60 min post-tetanus, which was 82 Ϯ 8% (n ϭ 51, p Ͻ 0.0001, Student's paired t test).
Characterization of LTF

Protein Synthesis Occurs Close to Presynaptic Release Sites
The presynaptic versus postsynaptic locus of protein Requirement for Local Protein Synthesis Long-term changes in synaptic strength have been synthesis was confirmed by local pressure injection of the mRNA cap analog m 7 GpppG into the presynaptic linked to the necessity for local protein synthesis in order to generate, or maintain, an enhanced level of synaptic axon. The cap analog inhibits protein synthesis by competing with endogenous capped mRNA for the eukaryoactivity. We investigated whether LTF generation required such a process. Figure GpppG in a visually identified bouton control increases of 87 Ϯ 16% (n ϭ 16, p Ͻ 0.05). Neither of these agents had any effect on the calcium-depenoverlying a particular muscle cell was estimated to be between 130 and 200 M, the enhancement of synaptic dent forms of synaptic plasticity observed during the tetanus (Figures 2A and 2B ). Furthermore, a mixture of strength recorded at that muscle cell following an LTFinducing tetanus was examined. Figure 3B shows the cycloheximide (60 M) and anisomycin (20 M) applied 30 min prior to and throughout a 90 min recording did increase in synaptic strength recorded 20-60 min posttetanus and compared to pretetanus levels was only not affect basal transmission (n ϭ 3, Figure 2C ), demonstrating that the protein synthesis inhibitors were not 40 Ϯ 14% in m ] i decayed back to pre-tetanic levels within mincompared to control fibers injected with the fluoresceincarrier solution alone (n ϭ 3; Figures 3C and 3D) inhibition with H-7 and myristoylated PKC inhibitor 19-In conclusion, our results suggest that tetanic presyn-27 (myr-PKCI) did not affect LTF (Table 1) vented by preincubation with H-7 (30 M) or by myrdata confirm the presynaptic locus of calcineurin activity ( Figure 5A ). PKCI (40 M) (n ϭ 3 and n ϭ 4, respectively, data not shown). PKA and CAMKII have not been shown to mediDoes the requirement for calcineurin activation coincide with the increase in presynaptic calcium? This ate any effects in this preparation, and thus a positive control is not possible. However, H-7 should be equally would imply that calcineurin becomes activated in response to the tetanic calcium rise, and thus is necessary efficacious against both PKC and PKA at the concentration used.
for induction of LTF. To determine this, we applied cyclosporine (3 M) 5 min prior to, during, and for 5 min following the LTF-inducing tetanus, when presynaptic Calcineurin Is Required for LTF Induction calcium elevations are apparent (see Figure 4) . IncubaThe absence of any obvious calcium-dependent kinase tion with cyclosporine for this limited time was still suffimediation of LTF led us to consider the possibility that cient to block subsequent expression of LTF (EJP enthe calcium-dependent phosphatase calcineurin (PP2B) hancement during LTF following cyclosporine treatment may be involved instead. Calcineurin activity has been was Ϫ6 Ϯ 6% (n ϭ 4), compared to control LTF of shown to be essential for the induction of activity-82 Ϯ 26 % (p Ͻ 0.01; n ϭ 6; Figure 5B) ). Conversely, if dependent long-term depression in mammals (LTD), cyclosporine was added 5 min after the LTF-inducing which arises from a preferential activation of a phosphatetanus and throughout the remaining experimental protase cascade rather than a kinase cascade in response tocol, LTF expression appeared unchanged from conto modest, prolonged elevations in [Ca 2ϩ ] i (Mulkey et al., trols, giving a 94 Ϯ 50% EJP amplitude increase (n ϭ 1994; Yang et al., 1999). We exposed preparations to 6) compared to 82 Ϯ 26% increase for controls (n ϭ 6; a 30 min preincubation and incubation throughout the p Ͼ 0.5; Figure 5C ). These data confirm that calcineurin experimental protocol with either of the specific cellactivity is correlated with presynaptic calcium accumupermeable calcineurin inhibitors cyclosporine (3 M) or lation, and furthermore is required for the induction, but the FK506 analog ascomycin (300 nM). These drugs, not the expression, of LTF. which each inhibit calcineurin by first forming complexes with the endogenous immunophillins cyclophilin and FK506BP, respectively, both abolished LTF, with a 0.5 LTF Is Blocked by Both PI3K and MAP Kinase Inhibition, and Is Rapamycin Sensitive Ϯ 21% (n ϭ 4) and 13 Ϯ 15% (n ϭ 4) increase in EJP amplitude ( Figure 5A ) compared to a control LTF inThe regulation of local protein translation confers an efficient means to rapidly alter protein composition, and crease of 82 Ϯ 26% (n ϭ 6). In separate control experiments, we confirmed that application of both cyclospohence the potential activity, of synapses. In studies of translational regulation primarily involved in cell develrine (3 M) and ascomycin (300 nM) together for 90 min at 2 Hz did not affect EJP amplitude (4 Ϯ 9% increase opment and growth, several kinase pathways have been implicated as key mechanisms governing translation iniin EJP amplitude, n ϭ 4) recorded at a 50-90 min posttetanic time point. Furthermore, presynaptic injection of tiation (reviewed by Dufner and Thomas, 1999; Gingras et al., 1999b; and Gray and Wickens, 1998). These kia calcineurin autoinhibitory peptide significantly reduced LTF to an average 25 Ϯ 22% enhancement of EJP nases are responsible for the phosphorylation of specific eukaryotic initiation factors (most notably eIF4E, amplitude (n ϭ 4), compared to a control enhancement of 97 Ϯ 17% (n ϭ 7). In injected preparations, the level of 4E-BPs, eIF2, and eIF2B) or ribosomal proteins (such as the S6 subunit of the 40S ribosome). Their phosphory-LTF observed in each preparation was inversely related to the intracellular peptide concentration achieved lation status affects either global protein translation rates or the upregulation in translation of specific subsets of (ranging from 50-230 M, with concentrations over 100 M resulting in complete abolition of LTF; n ϭ 2). These mRNA, such as those containing highly structured 5Ј noncoding regions or mRNAs with oligopyrimidine tracts The calyculin-induced potentiation was specific to LTF (rather than extending a PTP phase or affecting other in their 5ЈUTRs (5ЈTOPmRNAs).
In order to initially determine whether protein phosshort-term plasticity events), as it could be abolished by coincubation with the calcineurin blocker cyclosporine phorylation played any role in LTF, we used the PP1/ PP2A phosphatase inhibitor, calyculin A (1 M), to pre-( Figure 6B ), which prevents LTF induction. The resultant LTF was only 57 Ϯ 19% (n ϭ 2), not significantly different vent the dephosphorylation of proteins whose phosphorylation status may be increased during LTF. Incubafrom the remaining slow elevation of EJP amplitude which occurred at the same time points during calyculin tion of neuromuscular junctions in calyculin A during basal stimulation (2 Hz) resulted in a small, relatively application alone (24 Ϯ 36%, n ϭ 4). These data provide evidence that phosphorylation of unknown target provariable increase in synaptic transmission (37 Ϯ 30% enhancement of EJP amplitude, n ϭ 4), which mostly teins during LTF plays a key regulatory role or roles. Several kinases have been identified as regulators stabilized following 20-30 min of drug application (Figure 6A) . However, when this new level of transmission of protein synthesis. Most ubiquitous among these are PI3K, the mammalian target of rapamycin kinase (mTOR/ was taken as the baseline, an LTF-inducing tetanus presented in the presence of calyculin A resulted in a pro-FRAP), the 40S ribosomal protein S6 kinase (S6K1), and both p38 and p42/44 MAP kinases, which act via both found potentiation (‫-41ف‬fold) of LTF expression (881 Ϯ 345% enhancement, n ϭ 5) compared to a control enseparate and overlapping pathways to affect the phosphorylation status of components of the translational hancement during LTF of 82 Ϯ 26% (n ϭ 6; Figure 6B ). . The observation that these kinases are necessary ing to activation of a kinase cascade, which is regulated in situ by endogenous PP1/PP2A phosphatase activity. for LTF expression raised the possibility that LTF may be neurotrophin mediated, given that neurotrophins can However, the recent finding that NMDAR-dependent LTD (the calcium/calcineurin-dependent form of LTD) is be secreted in an activity-dependent manner from postsynaptic muscle cells (Wang and Poo, 1997; Xie et al., subsequently maintained by de novo protein translation in hippocampal organotypic slices (Kauderer and Kan-1997). This possibility was tested using the broad-spectrum protein kinase inhibitor K252a, which is a potent del, 2000) raises the interesting possibility that both processes may share some common mechanisms. blocker of tyrosine kinase activity associated with a number of neurotrophin receptors (Lazarovici et al.,
Although our results clearly indicate the necessity for calcium accumulation and calcineurin activation in LTF 1996). At 1 M, this drug had no effect on LTF expression (Table 1) , rendering the involvement in LTF of neuroinduction, we should mention that in addition to these processes, we have discovered the necessity for tetanic trophins or tyrosine kinase highly unlikely.
Translational control of protein synthesis resulting in presynaptic sodium accumulation and subsequent activation of the electrogenic Na ϩ /K ϩ ATPase in LTF inducrapid synaptic plasticity does not appear to be restricted to the invertebrate nervous system. In forms of mammalian tion. This activation leads to membrane hyperpolarization and activation of presynaptic I h channels during the synaptic plasticity other than L-LTP, such as synaptic strengthening by neurotrophins, translational machinery period in which sodium concentration remains elevated (roughly equivalent to the time of calcium elevation). of the active eIF4F multiprotein cap binding complex (Gingras et al., 1999a (Gingras et al., , 1999b ; reviewed by Raught and 1994) . This is not the case with LTF, as PP1/PP2A inhibition with calyculin has diametrically opposite effects to Gingras, 1999 in a stronger affinity of eIF4E for capped RNA. 
